We report and examine the observation of an unusual and rare in-situ electron observation associated with a solar type III radio burst on 24 December 1996. This radio event was accompanied by high energy electrons, measured by the Solid State Telescope (SST) on-board WIND spacecraft. The Type III radio emission started at ≈ 13:10 UT and was associated to a C2.1 GOES-class flare whose maximum was at 13:11 UT and hosted by the active region NOAA 8007/8004, located on the west limb at N05 • W74 • /N06 • W85 • . During this event, the observation of an electron energy distribution likely to be associated with the radio emission was registered. The electrons arrive at the spacecraft predominantly from the anti-solar direction, suggesting that their general motion is Sunward along a closed magnetic field line. Leblanc et al. (1999) propose a model in which energetic electrons are injected into a coronal flux tube at one of its footpoints, releasing standard type-III emission. As the magnetic field then directs them back toward the magnetic-conjugate footpoint of the first, the electrons release subsequent emission whose radio profile is a quasi-time reversal of the standard. We have constructed a cylindrical flux-rope facsimile of this scenario that reproduces the U-burst profiles. We also report observational features indicating a secondary electron energy distribution and propose a scenario that explains this feature.
. Both phenomena show "unique" characteristics in the decamet-in recent decades (e.g. Ginzburg & Zhelezniakov 1958; Robinson & Cairns 1998a,b,c; Wu et al. 2002; Reid & Vilmer 2017) .
It is accepted that type III radio emission is driven by beams of electrons accelerated by reconnecting magnetic flux in the solar corona. These high-energy electrons follow the streamlines of the magnetic fields into which they are injected (Wild et al. 1954 ). The radio emission thus excited is therefore heavily influenced by magnetic connectivity. U-and J-bursts are the observational evidence of such connectivity, which can be explained by electron beams propagating along closed magnetic flux loops (Maxwell & Swarup 1958; Reid & Vilmer 2017) .
The vast majority of U-and J-bursts are observed at high frequencies, signifying electrons that are relatively low in the corona (Dorovskyy et al. 2010) . However, there instances of radio emission extending to much lower frequencies, hence from apparently greater heights (Leblanc et al. 1999; Bougeret et al. 1995) . Observations by Leblanc et al. (1999) of two U-bursts two hours apart on 1998 June 22 show radio emission, whose frequencies plummet to 1-1.5 MHz, before rebounding in the first instance to ≈2 MHz. This suggests turn-around heights of 6 to 8 R , which roughly match the successive heights of a slow CME over the 2-hr interim. They propose that the radio emission observed emanates from within the CME. Energetic electrons associated with type III radio bursts have been detected in-situ at 1 AU by (e.g. Krucker et al. 1999) . They recognize two distinct classes in the electron energy populations they find, one associated with the impulsive phase of the flare, and the other following the first about a half hour thence. These interesting results lead us to ask what we can find out by applying the foregoing comparisons to U-and J-bursts.
In this article we compare radio observations and associated energetic electrons detected in situ by the WIND spacecraft on 24 December 1996. We use a simple model to explain our observations and suggest a possible physical scenario.
OBSERVATIONS

Radio emission
The WIND spacecraft is located at the first Lagrange point (L1) and contains several instruments to study the solar wind. In particular, the WAVES instrument onboard WIND was designed to study solar radio emissions and the characteristics of the interplanetary plasma (Bougeret et al. 1995) . The WIND/WAVES instrument is composed of several receivers. Two of these are employed to study solar radio emissions, the radio receivers RAD1 (frequency range 20-1040 kHz) and RAD2 (1.075-13.825 MHz).
On 24 December 1996 RAD2, and subsequently RAD1, registered a type III radio burst (Figure 1, top) . This particular radio burst was accompanied by high energy electrons, measured by the Solid State Telescope (SST), also on board WIND (Lin et al. 1995) . The Type III radio emission started at ≈13:10 UT and was associated with a C2.1 GOES class flare that reached maximum at 13:11 UT and hosted by the active region NOAA 8007/8004, located on the West limb at N05 • W74 • /N06 • W85 • (see Magdalenić et al. 2008 , for a full description of the radio event and the associated CME).
WIND/WAVES was developed with direction-finding capabilities, which means it is possible to determine the approximate location of the radio source generating the radio emission on the plane of the sky. To obtain the location of the type III radio burst observed on 24 December 1996, a modulation technique was applied to the data to retrieve the radio waves' direction of arrival (Fainberg et al. 1972) in the RAD1 range. Using this technique we were able to determine that the radio emission at frequencies above ≈200 kHz originated between -10 • and +4 • in longitude, where 0 • refers to the line connecting WIND to Sun center. At lower frequencies the direction of arrival was between -22 • and -10 • in longitude. This result places the sources over the West limb of the Sun as seen from Earth, associating the radio source with NOAA active regions 8007 and 8004. Figure 1 shows the composite dynamic radio spectrum at the top, with the concurrent SST observations beneath. It is clearly seen in the SST data that high energy particles arrived at ≈13:30UT with pitch angles between 160 and 180 degrees. This suggests that the electrons arrived at the spacecraft from the anti solar direction. This electron distribution is observed in the majority of the SST energy channels. Later on, between ≈14:05 UT and ≈14:30 UT a second distribution of electrons was detected by SST, but in this case the pitch angle reached a maximum at about 30 degrees (solar direction).
In-situ measurements
PROPOSED SCENARIO
In-situ features
Following Leblanc et al. (1999) , we suggest that electrons accelerated by magnetic reconnection during the C2.1 flare traveled from a flaring footpoint along a magnetic loop contained within the CME while it was physically connected to that footpoint. Based on the in-situ data (particles and magnetic field), we determine the basic characteristics of the CME, giving us observational constraints for our models (Figure 2 ). We apply minimum variance analysis (e.g., Sonnerup & Cahill 1967; Bothmer & Schwenn 1998) to the in-situ data to estimate the orientation of the flux rope axis at 1 AU (latitude and longitude in angular coordinates) and to verify the coherent rotation of magnetic-field vectors. Based on their convention, the flux rope helicity and magnetic cloud were classified as a NES Righthanded from north (+Bz) to south (-Bz) and eastward (+By). Figure 3 plots the magnetic field projected onto the solar equatorial plane, in GSE coordinates (B z , B y ), as time progresses from 1996-12-24 02:54 (blue datapoints) to 1996-12-25 11:30 UTC (red-magenta). The magnetic projection is seen to rotate 225 • clockwise over this period.
Assuming that the spacecraft passes through the magnetic structure close to its geometrical center, that the magnetic cloud has a circular cross section, and that there is not rapid expansion (quasi-stationary), it is possible to estimate the average size of the flux rope using WIND in-situ data. Based on these assumptions, taking the average particle velocity to be 356 km/s, we estimate the diameter of the magnetic flux rope to be ≈0.27 AU.
Basic geometrical considerations
The basic morphology supposed for the flux rope axis is shown in Figure 4 . It is composed by an elliptical front with its arms following the Parker spiral. The selection of the front width was made based on observations of other CMEs (Magdalenić et al. 2008 ). The family of curves shown in Figure 4 represent different possible flux rope axes within the CME, based on the 19 December 1997 CME apparent morphology and assuming a constant expansion projected velocity of ≈332km/s.
The ellipses to which the fronts conform are specified by the position of the center of the ellipse, (R HH , φ)where R HH expresses a heliocentric distance and φ and azimuth in the equatorial plane-the lengths, a max , a min , of its major and minor axes, and the the angle, Ω, of the major axis with respect to the line of sight from the Sun to (R HH , φ). We examine loop models whose azimuths have the values in the ordered set, (5 • ,8 • ,11 • ,14 • ,17 • ), to which we attach the model designations ("FR1," "FR2," "FR3," "FR4," "FR5"), respectively (see Figures 4 and 5). The individual magnetic-flux lines in each of these modes are twisted, hence a set of helical curves which spiral about the axis of each model. Table 1 summarizes the results and key parameters of the modeled flux rope magnetic field lines. The model was run with five different parameters (FR1-FR5), giving different total axial lengths.
To better understand the paths followed by the particles, we recognize two separate components of the flux rope: 1. Sun-WIND, consisting of the western arm of the flux rope, and 2. WIND-Sun, corresponding to eastern arm, returning to the eastern footpoint thereof. We now introduce a dynamical model whose basis is that the population of low-pitch angle electrons proceeding outward from the Sun to arrive at WIND at ≈14:00 are a kinetic echo of the ingoing electrons that pass through WIND's location at ≈13:30 UTC, having undergone a reflection within the flux tube at some distribution of locations. We begin with a considerations bearing on the geometry of the flux rope inhabited by the energetic electrons WIND finds and proceed to consider the dynamics of how they are supposedly reflected.
Flux rope modeling
The magnetic flux attached to the flux ropes in models FR1-FR5 is azimuthally symmetric and force free with force-free constant α, confined within tubes of circular cross section whose outer radii are a function of heliospheric distance, R (Burlaga 1988; Lepping et al. 1990; Owens et al. 2009 ). The models are fixed by a set of parameters that determine the profiles of R, the magnetic flux density, B z , and its twist, α as a function of Figure 2 . In-situ data: Magnetic field strength, latitude and longitude of the magnetic field vector (magnetic field rotation), particle density, velocity and β. Figure 3 . In-situ magnetic field at WIND is projected onto the solar equator is plotted in GSE coordinates, By and Bz, as time progresses from 1996-12-24 02:54 (blue datapoints) to 1996-12-25 11:30 UTC (magenta) at 3-min intervals. The magnetic-field projection is seen to rotate ≈225 • from the GSE vantage. length along it. Following Owens et al. (2009) we define a parameter Y to be the ratio of the radial distance, ρ, of a point in the flux rope from the magnetic axis to the full radius, ρ 0 , of the flux rope at distance R.
The primary condition to be satisfied by our models is the relative timing of arrivals of the various components of energetic electrons, from the onset arrival times of the in-situ electron influxes at the spacecraft within Figure 4 . Based on the MVA results, we propose a family of axis geometries for our flux rope model that fulfill the fluxtube axis orientation observed by WIND (dotted red line and red arrow). Outer extremities of colored magnetic loops conform to ellipses whose centers are marked by respectively colored dots. In the first stages of the event, we considered the sense of electron beam movement in black arrow direction on the plot. the magnetic cloud. We assume that the magnetic cloud does not expand appreciably during its passage over the WIND spacecraft, and that the flux rope axis is the location over any perpendicular cross-section thereof at which the magnetic flux density is maximum. The electron arrival time gives us an idea of its location within the flux rope. This position in the flux rope axis is Y =0.4±0.2, telling us that the electrons were detected close to the center of the flux rope. Using the above, we limited our analysis to studying field lines with values of Y between 0.2 and 0.6. Figure 5 plots selections of individual magnetic streamlines in the FR1 model for Y values ranging from 0.2 to 0.6. We now suppose that the flux rope expands with increasing R in proportion to R 2 , as we understand the streamlines of the Parker spiral do, notwithstanding that the CME is a magnetic loop rather than a flux tube open to the interplanetary medium. The ratio of the flux rope radius to heliocentric distance is R FR /R = V exp /V sw , where v sw is the local flux-tube velocity, i.e., the solar-wind velocity, and V exp is the rate of expansion of the flux tube (Owens et al. 2009 ). For a flux rope with radius 0.135 AU at 1 AU, the ratio V exp /V sw =0.17. The measured mean solar wind speed in December 24 -28 was ≈356 km/s, implying an expansion velocity of the magnetic structure of ≈50 km/s. Using these constraints it is possible to model the magnetic structure (field lines for each of the values of Y ) for each axis (family of curves) and estimate the approximate length of the magnetic field lines.
Magnetic field model and magnetic mirror points
Coronal electrons in a magnetic flux tube spiraling with a significant pitch angle toward a footpoint of the loop are generally reflected back upward, a manifestation of the "magnetic-mirror effect" (Krall & Trivelpiece 1973) , at the point at which the magnetic field reaches a particular critical value. The exact depth at which this happens for individual electrons that have yet to penetrate to the mirror point depends upon their pitch angle where the magnetic field is less than at the mirror point. For simplicity, we propose a model in which this happens at a single depth for a given electron energy, notwithstanding that for a given pitch angle the mirror point is independent of energy. The proposition being examined is that there is some dynamics-based relationship between the energy and pitch-angle distributions such that a single "effective mirror point" for each energy satisfactorily matches certain attributes of the observations. Our model proposes that the low pitchangle in-situ electrons in the third panel of Figure 1 , i.e., those arriving at ≈14:00 UTC (vertical black line), are the mirror-point echos of those that passed by the spacecraft earlier, first arriving at ≈ 13:30 UTC, spiraling towards the Sun. We will call the time delay between these arrival times the round-trip "flight time" of the electrons from the spacecraft to the supposed mirror point and back.
We model magnetic-field in the flux tube by,
where R is heliocentric distance where the magnetic field is sampled, R W is R at the WIND spacecraft, ρ is the distance from the flux-tube axis at the sampling point, α is the force-free constant, the profile P (ρ) is unity on the flux-tube axis and determined for non-zero ρ by the condition that the magnetic field is force free, andẑ andφ φ φ φ φ are the unit vectors in the toroidal and poloidal directions, respectively (the latter for non-zero ρ). We propose to determine the nominal magnetic flux density, B 0 , and the twist, α, by best-fitting of the model results to the WIND/SST observations. To have a magnetic field strength on the axis of 10 nT at 1 AU we find a flux density of ≈5000 nT, i.e., ≈0.05 Gauss, at the source surface, R 0 = 10 R , of the solar wind.
Model
Total length Table 1 . Characteristic axial lengths measured in AU for the 5 models. The total length was calculated on the axis of the flux rope. The particle path from the Sun to WIND (west arm, LSW ) and for the path of WIND to the Sun (east arm, LW S ), was calculated also on axis. Similar computations were made at different positions Y (0.2, 0.3, 0.4, 0.5, 0.6) in the flux rope axis. The models FR1 and FR2 were selected as the best candidates in the real scenario (position, distance and time comparison with the in-situ data) 310 keV Figure 6 . Heliocentric height as a function of axis length for the FR1 as an example. Each plot shows the axis length and the magnetic field lines as a function of the heliocentric height. Each plot corresponds to different magnetic mirror point values (Different energies). The dotted lines for each case are the heliocentric height for the mirror point for each magnetic field line calculated from WIND position (heliocentric height=1 AU) Table 2 shows the values obtained at the magnetic mirror for particles coming back to the Sun, derived from the magnetic flux rope model. Taking the flux-rope geometry of our favored model, F R1, it is relatively simple to derive the heliospheric location and magnetic field intensity at the mirror points for each electron population as a function of their flight times. Here we assume that the electron propagate along the magnetic field line in a colissionless medium and without any kind of losses or difussion. We acknowledge that theses assumptions are not realistic, but demostrate that within the uncertainty in the determination of the onset time of the lower pitch angle distribution, the electrons must have a mirror point located at the same location of very close. Figure 6 shows the heliocentric heights of the magnetic mirror points as horizontal lines laid on top of plots plots of the heights of magnetic streamlines as a function of axis length from the WIND.
DISCUSSION
We describe observations of a type III radio burst on 24 December 1996 and its associated in-situ signatures. This radio event was accompanied by high energy electrons, measured by the Solid State Telescope (SST) on board WIND (Lin et al. 1995) . The Type III radio emission was associated with a C2.1 GOES class flare that started at ≈13:10 UT and reached its soft X-ray maximum at 13:11 UT. The event was hosted by the composite active region NOAA 8007/8004, located on the West solar limb at N05 • W74 • /N06 • W85 • . The radio burst and associated CME was studied in detail by Magdalenić et al. (2008) .
The SST data showed that energy particles arriving in-situ at ≈13:30UT with pitch angles between 160 and 180 degrees. This indicates electrons arriving at the spacecraft predominantly from the anti solar direction. The in-situ electron energy and pitch-angle distribution is recorded in the majority of the SST energy channels. Later on, between ≈14:05 UT and ≈14:30 UT a second swarm of of electrons arrived at the SST from sunward, with a pitch angles distributed in the range 0-30 • .
We follow the analysis Leblanc et al. (1999) applied to observations of an interplanetary U-burst, which they model as having been produced by energetic electrons injected into a expanding magnetic cloud. In their model, the CME cloud is magnetically connected to the flaring site. We propose the same for the 24 December 1996 event. We developed a thin flux-rope model of the CME magnetic cloud and modeled the magnetic structure within which energetic electrons would spiral between magnetic-mirror points.
We find that the magnetic-mirror points for different energies cover a broad range of heliocentric distances, 0.67 to 0.9 AU, based on best-fit values of parameters that specify the geometrical architecture of the magnetic flux rope. However, we can safely say that the magnetic mirror is in general located at the same heliocentric distance at about 0.85 AU. These different distances consistent with higher-energy electrons having shallower pitch angles, hence penetrating deeper sunward into the magnetic flux tube. This study, then, lends us a simple model of the magnetic geometry, including mirror-point locations, for each energy channel of the SST instrument with the mirroring magnetic field strength (see Table 2 ).
Finally, we question whether the observed event corresponds to a U-burst. The explanation of the radio U-burst nature is that this is the product of an electron beam propagating along closed magnetic field lines in the corona or interplanetary medium (Maxwell & Swarup 1958; Reid & Vilmer 2017) . Because the mechanism of generation of the radio waves is plasma emission, the frequency of the emission depends upon the density of the local medium. As the electrons spiral in the close magnetic loop, we see first a decrease in the emission frequency followed by a later increase. In our case of the 24 December 1996 event, we see the type III radio burst in the dynamic spectra and simultaneously in-situ we observe the electron distribution likely to be associated with the radio emission. The fact that the electron distribution arrived to the spacecraft from the anti-solar direction allows us to say that we have "seen" the electrons traveling in the direction of the Sun in a close magnetic field line. This is the prescription for a U-burst. The subsequent observation of a second distribution of electrons can be explained by the reflection of the electrons at the magnetic mirror points.
However, we must emphasize that this is one possible explanation or scenario. It can be completely possible that the registration of this second electron distribution can be attribute to a second flare that appears to be radio quiet in the WIND/Waves data. No matter what is the origin of the second distribution of electrons, we here report the observation of a U-burst in-situ, based on the finding and scenario described by Leblanc et al. (1999) .
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